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In the area around Angkor, Cambodia, several ceramics kilns dating from the ninth to 15th
centuries CE have been discovered since 1995. The technical, typological and compositional
characterization of their production has been one of the main goals of the Cerangkor Project.
Samples of green-glazed ‘Kulen-type’ stoneware and non-glazed stoneware produced in ﬁve
kiln sites in the Angkor region were analysed chemically by wavelength-dispersive X-ray ﬂuo-
rescence spectrometry (WDS-XRF) and also petrographically. The data indicate that some
workshops used similar raw materials for the same types of ceramics, suggesting the exploi-
tation of the same geological formations in the whole region. Several references groups were
established for each type of stoneware offering an important database for future provenance
studies of sherds from consumption sites.
KEYWORDS: CERAMICS, KHMER STONEWARE, CAMBODIA, ANGKOR, X-RAY
FLUORESCENCE SPECTROMETRY, PETROGRAPHY, REFERENCE GROUPS
INTRODUCTION
Glazed stonewares are a typical production of the Angkorian period, which began at the end of
the ninth century CE and lasted probably to the end of the 14th century CE. For more than
30 years, the studies of Khmer stoneware followed the lead of the pioneering work of B. Ph.
Groslier, who published the ﬁrst synthesis in 1981. His work, widely based on his excavations
of different sites, notably at the Royal Palace of Angkor, and at the burial site of Srah Srang
(Groslier 1954, 1964; Courbin 1988), described the evolution of Khmer stoneware, but failed
to include kiln sites.
The archaeometrical study of Khmer stoneware in the present paper was carried out from 2008
as part of the Cerangkor Project. Created in 2008, this project is a collaborative research pro-
gramme with the French Centre National de la Recherche Scientiﬁque (CNRS—National Scien-
tiﬁc Research Centre), the EFEO (Ecole Française d’Extrême Orient) Centre (French School of
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Asian Studies) in Siem Reap, Cambodia, and the APSARA Authority (the Authority for the Pro-
tection and Management of Angkor and the Region of Siem Reap) with funding from the French
Ministry of Foreign Affairs (Desbat et al. 2008, 2009, 2010, 2011, 2012, 2013, 2014, 2015; Pot-
tier and Desbat 2016, 2017). It was developed to investigate the ceramics produced at the kiln
sites in the region of the ancient Khmer capital of Angkor, in the period between the ninth and
the 15th centuries. Research was designed to develop a characterization based on a combination
of typology (technical styles) and chemical composition of the pottery. No programme of this
breadth and extent has ever been undertaken, since typological and chemical compositional anal-
yses of Angkorian stoneware were limited to a few case studies (Ea 2009, 2010; Yamamoto
2011).
KILNS CONTEXT AND SAMPLE COLLECTION
Despite the discovery of a large kiln site on Phnom Kulen, near the village of Anlong Thom at
the end of the 19th century (Aymonier 1901), Khmer stoneware kiln sites have only recently
been the subject of scientiﬁc studies. For a long time, the Phnom Kulen kiln site was the only
one known. However, between 1995 and 2000, the discovery of several kilns around Angkor
has shown that there were at least four other production sites in the Angkorian area (Ea 2009,
2010) (see Fig. 4 for the precise location of these kiln sites of the Angkor region):
• Tani includes more than 20 kilns divided into ﬁve groups that produced glazed and unglazed
stoneware.
• Khnar Po comprises nearly 30 kilns, forming four groups, that produced glazed and unglazed
stoneware.
• Sor Sei, at the foot of the Phnom Kulen, also includes about 30 kilns divided into three groups
that produced glazed and unglazed stoneware.
• Bankong, near Lolei, with more than 30 kilns, probably produced only unglazed stoneware.
In 2007, a new group was discovered on the road connecting Angkor to the large provincial cen-
tre of Preah Khan of Kompong Sway, near Torp Chey (Hendrickson 2008). Furthermore, archae-
ologists discovered the two additional kiln sites of Veal Svay and Chong Samrong (Hein et al.
2013; Tabata et al. 2015). These three sites are located 60 km north-east of Siem Reap, and ce-
ramics produced in these kilns are quite different from the Kulen stoneware and consist mainly
of large brown-glazed jars.
In each site, some kilns have now been excavated by different scientiﬁc teams in collaboration
with APSARA Authority. Archaeologists undertook the ﬁrst study of the Tani kiln site beginning
in 1996 and two kilns were excavated (Aoyagi et al. 2000; Aoyagi and Sasaki 2007). Two kilns
were also excavated in the period 2006–07 at Thnal Mrech/Anlong Thom (Tabata and Chhay
2007; Miksic et al. 2008). A kiln from the A group was also excavated at the site of Sor Sei be-
tween 2005 and 2007 (Sugiyama 2008). A new excavation was conducted in 2015 on a kiln of
the C group (Thmor Chul) (still unpublished). At Khnar Po, a ﬁrst kiln was excavated and
analysed in 2006 (Hirooka et al. 2009) and three others in 2015 (Marriner et al. 2018). Three
kilns where partially excavated at the Bankong site in 2007 and 2009 (Miksic and Chhay
2010; Nakamura et al. 2011). Thanks to these excavations and prospections, the production of
Kulen-type stoneware is relatively well known and several preliminary classiﬁcations have also
been established both at the Anlong Thom site (Chhay et al. 2013 ) and at Sor Sei (Tin 2003).
In addition, archaeologists have undertaken excavations of kilns located north-east of Siem
Reap: one at Torp Chey (Ea 2013), and the other two at Veal Svay (Tabata et al. 2015; Sugiyama
et al. 2017) and Chong Samrong (Hein et al. 2013).
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For all kiln sites, radiocarbon analyses have provided dates that have recently been recalibrated
and synthesized (Marriner et al. 2018). They conﬁrm a late occupation of the Torp Chey group,
dating to the 14th century, while the other kiln sites of Tani, Khnar Po, Bankong and Thnal
Mrech reached the peak of their activity during the 11th and 12th centuries (Marriner et al.
2018, ﬁg. 6). The sites of Bankong and Khnar Po appear to be occupied during an even earlier
era, beginning in the late ninth to early 10th centuries.
The pottery samples discussed here were collected from the mentioned kiln sites during our
own ﬁeld prospections. A dozen clay and sand samples were taken from visible outcrops, either
directly at the kiln sites or from locations situated within a 5 km radius around the kiln sites. All
the analysed kiln sites are characterized by the presence of huge quantities of sherds distributed in
distinct patterns across the settlements. For instance, at Thnal Mrech (near Anlong Thom vil-
lage), the sherds are dispersed in the forest as well as concentrated in the partially excavated kiln
structures as the result of looting (Desbat et al. 2008). In Tani, Sor Sei and Khnar Po, the ce-
ramics are concentrated around the kiln remains, which take the form of mounds in the landscape
(Desbat et al. 2008, 2009, 2010). In contrast, the dispersal zone of sherds around the kilns is
larger at the site of Bankong (Desbat et al. 2008). As mentioned above, select kilns at each site
were excavated before our survey (Aoyagi. et al. 2000; Aoyagi and Sasaki 2007; Tabata and
Chhay 2007; Miksic et al. 2008; Ea 2010). At Khnar Po, several kilns were partly destroyed
and cut at the level of the ﬁring chamber during road works and ﬁeld remodelling, and they were
plainly visible during inspections between 2009 and 2013 (Desbat et al. 2009). At most kiln sites,
several types of wares were present: green-glazed stoneware, unglazed stoneware as well as
sherds initially considered earthenware. After the typological study and establishment of a reper-
tory of forms by type of stoneware, we realized that the so-called ‘earthenware’ sherds did not
form a separate category. They all had shapes strictly identical to the unglazed stoneware. In
other words, the misidentiﬁed ‘earthenwares’ probably failed to become sintered due to their po-
sitioning in the kilns that lacked the requisite high temperatures. Therefore, they should now be
considered underﬁred stoneware vessels rather than earthenware.
A particular feature of the assemblage of Thnal Mrech is the presence of brown-glazed stone-
ware coexisting with green-glazed and rare unglazed stoneware (Desbat et al. 2008). We selected
representative samples of these different types of stoneware for analyses.
GOALS AND METHODS
The main goal of the archaeometrical research was the creation of a reference database for future
provenance studies. This entailed characterizing kiln productions chemically and petrographi-
cally, as well as attempting to differentiate the workshops. The study also aimed to increase
our knowledge about technological issues such as the choice of raw materials and ceramic paste
preparation in order to answer the following questions:
• What kind of clay(s) was/were used?
• Is it possible to identify the location of the clay resources?
• How was clay prepared (washing/levigating, mixing with sand or mixing of several clays, dif-
ferences between wares, etc.)?
Two analytical methods were combined: chemical and petrographic analyses. Chemical anal-
ysis was carried out by wavelength-dispersive X-ray ﬂuorescence spectrometry (WDS-XRF), in
the Archaeometry and Archaeology Laboratory in Lyon (France), using a Bruker S8 Tiger spec-
trometer with a Rh excitation source. Samples of generally 2 g, a minimum of 1 g, are cut out
with a diamond-coated saw (the minimum quantity of 1 g/sample was ﬁxed in accordance with
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several other laboratories as a compromise between the representativity of the analysed portion
with respect to the ceramic and the destruction of the sherd; Maggetti et al. 1981). The external
surfaces, liable to chemical alteration during burial, and all traces of glazes or slips are removed.
Heating the samples at 950°C (necessary to remove water, volatiles and organics) is followed by
cooling and grinding with a tungsten-carbide ball mill. A total of 800mg of powdered sample is
then mixed with 3200mg of ﬂux (lithium metaborate and tetraborate) and the resultant mix is
heated and fused to produce a glass disc. The measurement can then be performed on this glass
disc of homogenous composition, which corresponds to a mean chemical composition represen-
tative of the initial material. Indeed, this procedure provides the bulk chemical composition of the
ceramic (matrix plus inclusions) and consequently of the material used for its manufacture
(Thirion-Merle 2014; Waksman 2014). For each sample, 24 components were determined based
on calibration curves established with 40 international geostandards (Centre de Recherches
Pétrographiques et Géochimiques (CRPG), United States Geological Survey (USGS), National
Institute of Standards and Technology (NIST), British Chemical Standards, etc.).
We applied several uni-, bi- and multivariate statistical data treatments to interpret the chemical
results. Among the multivariate methods used, we present here the results mainly from hierarchi-
cal clustering analysis, applied to reduced centred data, using Euclidian distance and average link-
age (Picon 1984; Baxter 1994). In our case, the calculations are carried out on 16 of the 24
determined chemical components: eight major and minor elements in ceramics (magnesium oxide
(MgO), alumina (Al2O3), silica (SiO2), potassium oxide (K2O), calcium oxide (CaO), titanium ox-
ide (TiO2), manganese oxide (MnO) and iron oxide (Fe2O3)), and eight trace elements of various
geochemical behaviour (vanadium (V), chrome (Cr), nickel (Ni), rubidium (Rb), strontium (Sr),
zirconium (Zr), baryum (Ba) and cerium (Ce)). Phosphorus oxide (P2O5), zinc (Zn), lead (Pb)
and copper (Cu) were not considered for classiﬁcation since they are indicative of possible pollu-
tion problems. Lanthanum (La), yttrium (Y) and thorium (Th) lack relevance for the comparison,
and measurement of sodium oxide (Na2O) is below the quantitative limit of our spectrometer. In
the resulting dendrogram (e.g., Fig. 3, b), each sample is represented as a vertical bar at the base of
the ﬁgure and the two samples closest in composition are joined by a horizontal link. The more
similar the samples, the shorter the distance at which they are linked. The joined samples are then
fused into a ‘pseudo-sample’ of average composition. Samples and pseudo-samples are then com-
pared again, and fused by the same procedure. As samples become less similar, the level of linkage
moves up the diagram until all the samples are connected. In the dendrogram, clusters of individ-
uals of similar compositions are linked at lower levels, while clusters and samples connected at
higher levels are less closely related. Thus, the hierarchical clustering analysis provides a classiﬁ-
cation method that enables one to identify groups of sherds with similar chemical compositions.
A total of 245 samples from the kiln sites were analysed chemically: 41 green-glazed stone-
ware, 10 brown-glazed stoneware and one clay from Thnal Mreck; 17 unglazed and 46 green-
glazed stoneware from Tani; 19 unglazed and 27 green-glazed stoneware from Sor Sei; 21
unglazed and 42 green-glazed stoneware from Khnar Po; and 50 unglazed, 10 green-glazed sam-
ple and one clay from Bankong.
Petrographic analyses on thin sections under the polarizing microscope were applied to 42 of
the 285 chemically analysed sherds, as well as to clay and sediment samples. The selected ce-
ramic samples are representative of the different chemical compositional groups of each kiln site.
This method reveals the nature, frequency and shape of the inclusions contained in the ceramics
as well as the texture of the matrix. A slice about 3 cm long and 4mm thick is cut through the
sherd at right angles to the rim (and the throwing direction). This slice is then mounted on a glass
slide and ground down to a standard thickness of 30μm.
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RESULTS
Comparison between wares
Green-glazed and unglazed stoneware present quite different fabrics, which are easy to distin-
guish without microscopic enhancement (Fig. 1). Fabrics of the green-glazed ware are ﬁne
grained and generally light coloured, while the unglazed ceramics show coarser, orange to red
fabrics with ferruginous nodules. These colour differences could be due to different iron content
indicating different clay sources and/or to different ﬁring atmospheres. The noted granulometric
differences could indicate different clay sources or different preparations of basically the same
clay. These issues are addressed by the following petrographic analyses.
Under the microscope, the two wares show very different grain size distributions. In the
ﬁne-grained fabric noted above, the matrix contains many very ﬁne inclusions which are not
visible to the naked eye, while the matrix in the coarser pottery is almost devoid of such ﬁne
grains (Fig. 1). This indicates clearly that the two types of wares are made from different
clays, as this difference can result neither from levigating the coarser clay used for unglazed
stoneware, nor from adding sand to the ﬁner clay used for the green-glazed ware. Levigating
or washing a coarse clay will diminish or eliminate the coarse fraction, but it will not add ﬁne
inclusions if they are not already present. Adding sand to a clay containing many ﬁne inclu-
sions will result in a coarse paste also rich in ﬁne inclusions. The nature of the inclusions,
however, consisting almost exclusively of grains of quartz, is the same in all analysed samples
(Figure 1).
Chemically, green-glazed and unglazed wares from the same kiln site form two distinct
groups clearly differentiated by several of the chemical components, as demonstrated by the
comparison of two of the most discriminating components in Figure 2. While both wares pos-
sess typical stoneware compositions characterized by high silica (SiO2) and alumina (Al2O3)
contents typical for clays rich in kaolinite (the chemical formula of which is Al2Si2O5(OH)4),
the unglazed ware always shows a higher contents of iron (Fe2O3) (plus some of its correlated
elements), as well as potassium (K2O) and correlated rubidium (Rb). (See the average chem-
ical composition of the different groups identiﬁed for each type of stoneware in Table 1, or
the compositional data of the stoneware in Table S1.) These results clearly show that the pot-
ters have selected two different clay materials to produce green-glazed and unglazed
stoneware.
In light of this discovery, the comparison between workshops is discussed below separately for
each type of ware. We adopt a strategy that departs from the approach of earlier published inves-
tigations. They proposed differentiations to separate kiln sites that failed to take into account the
categories of stoneware produced, that is unglazed, green-glazed and brown-glazed stoneware
(Grave et al. 2017).
Green-glazed stoneware
The green-glazed stoneware of the so-called ‘Kulen type’ was produced at all ﬁve of the studied
kiln sites (Tabata 2005; Ea 2009, 2010). Urns and boxes with lids with spectacularly elaborated
designs, bottles and bowls are among the most important forms represented in the sample collec-
tion (Fig. 3, a) (Desbat et al. 2008, 2009, 2010, 2011, 2012). Chronologically, the earliest vessels
come from the workshops of Khnar Po and Tani, which probably functioned from the ninth cen-
tury onwards (Desbat 2011). Indeed, the green-glazed stoneware of these two kilns sites show the
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Figure 1 Fabrics of glazed and unglazed stoneware, as well as details of the clay sample KHM351 (1 m): macroscopic
and microscopic views (crossed polarizing ﬁlters, except 1 h and 1 t; the same magniﬁcation is used for all details).
[Colour ﬁgure can be viewed at wileyonlinelibrary.com]
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same technical and typological characteristics as Kulen stoneware from early Angkorian archae-
ological contexts, including the temple of Bakong (Desbat 2007).
The chemical composition of this ware is characterized by high silica and alumina contents
and very low contents of most other components (Table 1). This is typical of ceramics made
of quite pure, white-ﬁring kaolinitic clays. These common characteristics indicate that this type
of clay was used in all ﬁve kiln sites to fabricate green-glazed stoneware. After having identiﬁed
all the compositional groups produced at each kiln site, the question remained: Would it be pos-
sible to distinguish these ceramic productions further by their chemical compositions and/or pe-
trography despite the similar raw material?
In order to classify the analyses and to test resemblances, multivariate statistical analysis was
undertaken. The dendrogram of the cluster analysis shows that samples from one kiln site are not
grouped strictly together (Fig. 3, b). The analyses are divided into two main groups, GGS1 and
GGS2, with the ﬁrst composed essentially of samples from Khnar Po and Tani and the second of
samples from Sor Sei and Thnal Mrech. A subgroup from Thnal Mrech, chemically distinct from
the main groups of this kiln site, clusters with the Khnar Po/Tani samples, while a subgroup from
Tani is classed in the Sor Sei/Thnal Mrech group. The samples from Bankong are distributed
over the two clusters.
This separation into two main groups is due to small differences in some chemical parameters:
the wares of group 1 (GGS1) presenting higher levels of alumina, magnesia, titanium or potas-
sium oxide (Table 1). We noted also small differences in some other components: vanadium,
iron, rubidium and cerium (Fig. 3, c). From the cluster analysis, it became apparent that the sam-
ples from Bankong do not form a coherent group, which is also demonstrated in Figure 3 (c),
where the points representing pottery from that site scatter over the entire variation ﬁeld occupied
Figure 2 Binary plots of MgO versus Fe2O3 (wt%) with all analysed samples of green-glazed (diamonds) and unglazed
stoneware (circles) for the three kiln sites.
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Figure 3 (a) The most important forms of green-glazed stoneware from the different kiln sites (Thnal Mrech, Khnar Po,
Tani and Sor Sei); (b) dendrogram of the cluster analysis of all analysed green-glazed stoneware from Tani, Bankong,
Thnal Mrech, Sor Sei and Khnar Po (calculated on 16 components); and (c) selected binary plots with all analysed sam-
ples of the green-glazed stoneware.
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by the two groups. Although collected at one kiln site, these few samples of green-glazed wares
appear not to have been produced at Bankong, but imported from other kiln sites. As mentioned
above, the dispersion of sherds around the kilns is quite large: this might be one reason why we
ﬁnd sherds not produced locally.
The groups formed on the basis of chemical resemblance can also be distinguished by their
granulometry. The fabric of the pieces making up the Thnal Mrech/Sor Sei ensemble contains in-
clusions of various sizes (silt to coarse sand size), while the fabric of those forming the Khnar
Po/Tani group mostly shows ﬁne-grained inclusions (silt to ﬁne sand size) and rare larger grains
(medium sand size; Fig. 1). As mentioned above, the nature of the inclusions, mainly quartz, does
not in this case contribute to the differentiation.
In the course of ﬁeld prospection, clays were collected and analysed. Among these, only one
clay source on Phnom Kulen could be matched chemically to the green-glazed stoneware group
from Thnal Mrech and Sor Sei. It is marginally integrated into the cluster (Fig. 3, b) and its
granulometry also ﬁts with that group (Fig. 1, m). Generally, it is rare to ﬁnd the clay pits
exploited by the ancient potters as the geographical outlay changed over the past centuries.
In summary, the results concerning the green-glazed stoneware suggest that two groups can be
distinguished and deﬁned analytically (Thnal Mreck/Sor Sei and Tani/Khnar Po); each group is
composed of most of the representatives of two kiln sites plus a subgroup from a third. We de-
duce that very similar kaolinitic, white-ﬁring clays were used at all Angkorian kiln sites. Some
of the chemical components that distinguish the two groups are characteristic of the clay minerals
originally making up the matrix. In group 1, the principal concerned components, alumina, pot-
ash, titanium oxide, rubidium and magnesia, show higher contents. Theoretically, the chemical
composition of group 1 could therefore result from levigation of the clay used for group 2, as
the levigation process increases the concentration of the clay minerals. The chemical composition
points to a clay composed of kaolinite (high alumina), illite (K2O content), chlorite (MgO, part of
the Fe2O3) and some anatase (TiO2 mineral) in the clay matrix and quartz as inclusions. None of
the sampled clays, however, showed this exact mineralogical composition (X-ray diffraction data
not shown).
Nevertheless, it is possible that the clay material used for the Khnar Po/Tani group was levi-
gated, while that for the Thnal Mrech/Sor Sei group, very similar in grain size to some clay sam-
ples, was just homogenized before pot forming, but was not otherwise processed. As the samples
collected on Khnar Po and Tani sites appeared to be older than the samples from Sor Sei and
Thnal Mreck, it might then seem that, over time, potters changed their clay preparation protocols
to a less time-consuming process. In order to verify this, one would require a lot of raw material,
chemically close to the stoneware, and carry out experimental treatments on these samples. How-
ever, we did not ﬁnd adequate outcrops of useful clays.
Other reasons could account for the chemical and granulometric differences, especially the use
of clays from different sources. Geographically, the relationship between the kiln sites appears as
presented in Figure 4. It suggests a geological reason for the compositional differences of the
clays used, as both associated kiln sites located in close proximity to Phnom Kulen may have
used the same clay pit, different from the outcrops used by the workshops situated in the plain.
Indeed, clay beds located in Phnom Kulen, equivalent to those mined by the Sor Sei and Thnal
Mreck potters, could have been eroded and resedimented in the plain by alluvial transport. In the
course of natural sedimentation processes, occurring during/after alluvial transport, the coarsest
and heaviest particles such as quartz or zircon settle and are deposited separately, similar to
the levigating process realized by potters. However, we did not ﬁnd this kind of ﬁne clay de-
posits, enriched in clay minerals, during prospection.
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Unglazed stoneware
Analyses of this type of stoneware were carried out for four of the kiln sites: Tani, Sor Sei, Khnar
Po and Bankong. At Thnal Mrech this type of ceramic was found only in very small numbers,
and therefore was not analysed. The analysed sample collection comprises mainly larger bottles,
jars and bowls (Fig. 5, a) (Desbat et al. 2008, 2009, 2010, 2011, 2012).
While products from Bankong and Khnar Po show light-coloured fabrics (yellow to salmon-
coloured), those from Sor Sei and Tani display darker, orange to red colours (Fig. 1). Under
the microscope, no obvious differences were observed apart from the colour, although Sor Sei
wares appear to contain the coarsest inclusions (no petrographic analysis was carried out on ce-
ramics from Khnar Po). Inclusions are almost exclusively quartz, along with different types of
ferruginous nodules.
With the exception of a single sherd, certainly imported from the Tani kiln site, the dendro-
gram of the cluster analysis reﬂects this separation into two groups named UGS1 and UGS2
(Fig. 5, b). Samples from Khnar Po and Bankong, distinguished by a light fabric, form one clus-
ter, and those from Tani and Sor Sei, characterized by a darker fabric, fall into the second cluster.
One clay source near Bankong kiln site could be matched chemically to the ﬁrst group. The
Figure 4 Relationships based on the use of similar raw material for green-glazed stoneware productions (ovals) and for
unglazed stoneware productions (dotted ovals); arrows show dissident subgroups. Map background: EFEO/GAP/Jica;
drawings: Socheat Chea. [Colour ﬁgure can be viewed at wileyonlinelibrary.com]
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Figure 5 (a) Typical forms of unglazed stoneware from Tani, Bankong, Sor Sei and Khnar Po; (b) dendrogram of the
cluster analysis of all analysed unglazed stoneware from these four kiln sites (calculated on 16 components); and (c) se-
lected binary plots with all analysed samples of the unglazed stoneware.
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separation is justiﬁed not only on the basis of the iron content expected from the colour differ-
ence: other parameters such as potassium oxide, the correlation of alumina and silica, as well
as titanium and magnesium oxides differentiate the two clusters, as demonstrated by the distribu-
tion in the binary plots of Figure 5 (c). These differences deﬁnitely point to clays from diverse
outcrops and cannot be explained by changing paste preparations.
Projected on the map, the correspondences concerning the unglazed wares mark again two
groups, but with different connections compared with the green-glazed ware (Fig. 4). Tani and
Khnar Po are linked by the use of very similar clays for the green-glazed ware, but do not show
this connection concerning unglazed stoneware. The relationships between the kiln sites, based
on the use of similar raw materials, appear to be quite different for the unglazed stoneware. Cur-
rently, we are unable to propose explanations for this unexpected discrepancy.
Brown-glazed stoneware
Additionally to green-glazed ware, some brown-glazed stoneware was produced in the Thnal
Mrech kilns, mainly urns and lids (Desbat et al. 2008, 2009, 2010, 2011, 2012). This brown-
glazed stoneware shows chemical compositions different from the green-glazed stoneware pro-
duced at the same kiln site and forms another relatively homogeneous group in terms of compo-
sition (Tables 1 and S1). This brown-glazed stoneware has slightly different stylistic
characteristics from green-glazed stoneware, especially the lids with their distinctive incised dec-
oration (Desbat et al. 2011, 6, pl. 2). It may be that they correspond to a later phase of production
at Thnal Mreck. Two hypotheses could explain the unique chemical characteristics of brown-
glazed stoneware at this site: the rarefaction of the white clay source has resulted in the use by
potters of another clay material; or, alternatively, the later production emulated the brown glaze
of Buriram potters.
DISCUSSION
The main goal of the archaeometrical component of the Cerangkor Project, the creation of a ref-
erence database for stoneware produced in the Angkor region, has been successfully realized,
thus providing a useful tool for provenance determination of stoneware from consumption sites
in future studies. These reference groups are established for each type of stoneware produced
at the kiln sites, green-glazed and unglazed stoneware. Additionally, this study has addressed
several issues. From the petrographic results, we deduce that the potters of each kiln site selected
different clay materials appropriate for the two types of production: a relatively pure white clay
material for green-glazed stoneware and a coarser clay material with more ferruginous nodules
for unglazed stoneware. The petrographic analyses proved that the differences between these
two clay sources are due to different clay sources and not to different paste preparations. At Thnal
Mrech, we identiﬁed an additional homogeneous group for brown-glazed stoneware, the potters
selecting in this case still another clay material.
The study also proves that the green-glazed stoneware from the ﬁve kiln sites in the Angkor
region show very similar compositions, indicating the procurement of clay materials from the
same geological origin. Nevertheless, two groups may be distinguished thanks to the XRF anal-
yses: a group essentially formed by the Thnal Mrech/Sor Sei kiln sites next to Phnom Kulen and
the other by the Tani/Khnar Po kiln sites situated in the plain. One hypothesis for the differences
found could be the levigation of the clay materials at Khnar Po and Tani.
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Two groups were also distinguished for unglazed stoneware, but the connections between kiln
sites appear to be independent from the groupings among the green-glazed ware.
The possible reasons for the separation into two compositional groups are manifold, and in-
clude technical (possible levigation), geological, geographical, chronological or a combination
of these factors. Slight variations in the clay-beds at different locations may explain these clus-
terings, and various clay sources could have been exploited by different workshops and/or during
distinct time periods. Perhaps the exploitation of resources was managed independently of the
pottery workshops, and the separation reﬂects the commercial or administrative differentiation
of tasks including raw materials procurement, clay preparation and ﬁring. These possibilities
are just some ideas about how these results concerning the kiln sites could improve one’s under-
standing of the social and economic organization of craft production during the Angkorian
period.
In recent studies, the use of neutron activation analysis (NAA) has been described as the most
effective technique to differentiate Angkorian kiln sites (Grave et al. 2017). Actually, the issue
here is not the technique employed, but the research strategy adopted. Grave et al. studied sherds
from only three of the ﬁve kilns sites of our analysis, but included sherds from Torp Chey, a pro-
duction site associated with a totally different category of brown-glazed stoneware dating to a
later period. They differentiated the kiln sites without taking into account the categories of stone-
ware produced. NAA proved valuable in distinguishing the green-glazed stoneware of Thnal
Mrech from the unglazed stoneware of Tani or Bankong, but this can also be done with other
techniques such as XRF or petrographic observations, as demonstrated here. For instance, the dif-
ferentiation of production at Torp Chey, the kiln site located at the north-east of Siem Reap that
produced mostly big brown-glazed jars (Hendrickson 2008; Ea 2013), was achieved through a
visual observation of the fabric (Fig. 1: 1u). Indeed, the Cerangkor Project focuses also on this
particular production of brown-glazed stoneware from a series of kiln sites situated near Torp
Chey (Desbat et al. 2008, 2009, 2010, 2012). From a typological point of view, they differ sig-
niﬁcantly from the kiln sites near Angkor. The Torp Chey fabrics are characterized by big ferru-
ginous nodules in a coarse grey paste, and they cannot be confused with the ceramics from the
data set presented above. The compositions obtained with XRF also proved to be extremely dif-
ferent (Table 1) (Desbat et al. 2009, 2010, 2012). These analyses were elaborated in order to
compare the typologically similar pottery from consumption sites. Before using complex and
costly techniques to analyse ceramics, a sound typological study is indispensable. Ultimately, re-
search must be guided by the relevant questions of speciﬁc archaeological designs, which would
determine the appropriate methods and sample sizes.
OUTLOOK
To improve our knowledge about the organization of Angkorian stoneware production, the
Cerangkor Project turns to other regions of the ancient Angkorian Empire where more kiln sites
have been reported, some in Cambodia (Ea 2009, 2010), but especially in Buriram province in
Thailand, where over 100 kiln sites have been discovered (Khwanyuen 1985, Srisuchat and
Srisuchat 1989, Natthapatra 1990). Between 2015 and 2017, the Cerangkor team conducted sev-
eral surveys of the Buriram kiln sites (Ban Kruat and Lahansai districts) and also at Ban Sawai
(Surin province) and Ban Ya Kha (Nakhon Ratchasima province) where other kiln sites have
been identiﬁed (Brown et al. 1974; Rooney and Smithies 1992). New references groups will
be constituted in the near future and will be compared with those presented here.
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In light of the anticipated results, it will be possible to study the distribution on consumption
sites of the different types of Angkorian stoneware produced in Siem Reap and Buriram
provinces.
The exact date of the end of the production of green glaze stoneware in the Angkor region
has as yet to be determined, but it is commonly thought to have occurred during the 12th cen-
tury. However, from the typological study of ceramics at consumption sites, we can deduce
with certainty that this production no longer existed at the end of 12th century. At this time,
all the Khmer glazed stoneware come from Buriram where kiln sites are more numerous and
much larger. A ﬁrst hypothesis for the shutdown of the Kulen-type stoneware would be the
scarcity of the white clay required for the manufacture of green glaze stoneware. Another hy-
pothesis would be the development of the Buriram kilns during the 11th century that led to the
decline of the Angkorian kilns.
The provenance determination, based on archaeometrical analyses, of stoneware discovered on
well-dated consumption sites will provide new information about the changing relationship be-
tween Angkor and its provinces. From these diffusion studies, it will be possible to gain an idea
about the distribution networks of Angkorian ceramics throughout the Khmer Empire.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at
the end of the article.
Table S1. Compositional data of the Khmer stoneware generated by the Cerangkor Project. The
data are presented, by stoneware category, in the order of each dendrogram of ﬁgures 3b and 5b.
(Major and minor elements are given in oxides weight %, trace elements in parts per million).
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